SALT FRACTIONATION
Albumin is the serum protein most often measured in clinical chemistry. Estimations of serum levels can be of value in patients with various protein losing states, cirrhosis, and myelomatosis. This bulletin comprises an evaluation and comparison of methods.
Many methods are available for the determination of albumin levels in body fluids, depending on a wide variety of the physical and chemical properties of albumin. Although it is in patients with the diseases already mentioned that accurate albumin estimations are particularly required for diagnosis and management, most of these methods have been assessed with normal human serum only. Many methods giving satisfactory or apparently satisfactory results with normal sera may be misleading when used to evaluate pathological sera. The albumin methods are therefore discussed with particular reference to estimations on pathological sera and are considered under the headings of salt fractionation, dye binding (a) after electrophoresis and precipitation and (b) in solution by spectral shift, and immunochemistry.
The problems associated with each method are discussed and the results of albumin estimation compared by all these methods in 20 normal subjects and 46 patients with cirrhosis, nephrosis, and paraproteinaemias, The results compared to those obtained by an immunochemical method are shown in table 3, and they demonstrate the unsuitability of many of these techniques for the estimation of albumin in abnormal sera.
In all of the following studies we have used Behringwerke ORHA 04 human albumin standard, shown by electrophoresis and two dimensional immuno-electrophoresis against anti-whole human serum to contain no detectable protein impurities. This standard was calibrated by the absorption of ultraviolet light using the specific extinction coefficient Ef8~m 5.80 for a 1 g{100 ml solution (SchOnenberger, 1955) .
Ann. clin. Biochem. 12 (1975) Pathology, Westminster Hospital and Medical School, 17 Page Street, London SWIP 2AR tionate serum proteins was introduced by Howe (1921 and 1923) to replace ammonium sulphate (Hammarsten, 1873; Pinkus, 1901 Pinkus, -1902 , and has the advantage that it does not need to be removed prior to estimation of total protein by nitrogen analysis. Later, Campbell and Hanna (1937) suggested the use of sodium sulphite which they thought had a number of advantages over the sulphate salt and required less time for globulin precipitation. In practical terms sodium sulphite is not preferable to the sulphate since sulphite in solution deteriorates rapidly and must be replaced frequently (Levin, Oberholzer, and Whitehead, 1950) . Furthermore, sodium sulphite increases the danger of albumin denaturation by ether, while the sulphate has a protective influence (Saifer and Zyrnaris, 1955) . Both salts rapidly precipitate globulins.
We subjected normal sera to salt fractionation using several different precipitants. The supernatant solutions were dialysed against barbitone buffer, concentrated, and electrophoresed on cellulose acetate membranes. The precipitates were washed three times in the precipitatingsolution, resuspended, dialysed, concentrated, and electrophoresed in the same way. Examples of the results are shown in fig. 1 . Neither the use of ammonium sulphate (Hammarsten, 1873) or sodium sulphate (Pinkus, 1901 -1902 , Majoor, 1947 ) fractionated albumin free globulin or globulin free supernatant. Even using saturated sodium sulphite, which often produced an almost globulin free supernatant, demonstrable by electrophoresis and checked by immunoelectrophoresis, there was always some albumin in the precipitate.
To improve the accuracy of albumin estimation by salt fractionation, by removing the error of albumin lost in the precipitate, Lubran and Moss (1957) added radioactive albumin of known specific activity to test sera. Complete globulin precipitation was carried out with sodium sulphite and the specific activity of the supernatant was then determined to detect any loss of albumin with the precipitate. The Salt fractionation is a technique now of historical concentration of albumin in the supernatant was interest only. The use of sodium sulphate to fracestimated by the biuret method (Gornall, Bardawill, 33 and David, 1949 ) and, with the knowledge of the loss of albumin during precipitation, the serum albumin concentration could be calculated. In our study, the albumin loss in the precipitate ranged from 11-35 % of the total. This method, in common with all protein precipitation methods, however, suffers from volume errors of the supernatant after removal of the precipitate. Albumin estimations by salt fractionation in normal sera may appear normal if an amount of globulin remains in the supernatant similar to the amount of albumin which has been precipitated. Nevertheless, gross errors will become apparent when estimating albumin in pathological sera when the relative amounts of albumin and globulin are abnormal. The errors are greatest in sera from patients with cirrhosis, nephrosis, or paraproteinaemia (Slater, 1974) . In these sera elevation of concentrations of globulins may result in their incomplete precipitation and a falsely high albumin result. The percentage error in the results will be increased by the low albumin values often found in the sera of these patients.
DYE BINDING (s) After electrophoresis and precipitation
Salt fractionation was succeeded in many laboratories by electrophoretic methods of albumin estimation. Moving boundary electrophoresis in the Tiselius apparatus, for many years the most specific means of measuring albumin, has now been largely replaced by electrophoresis on paper (peeters, 1959) and increasingly on cellulose acetate on which there is no albumin trail (Kohn, 1957) .
The principle of dye-binding in these methods differs from that discussed later. After electrophoresis, the serum proteins are precipitated on the supporting medium and are stained with dye. Albumin is measured as a percentage of the total protein concentration by estimating the proportion of dye bound to it.
In normal sera there are four major sources of error in using this technique.
(I) The accuracy of the estimation depends on the accuracy of the total protein estimation. No 'ideal' total protein method exists, because serum contains a complex mixture of proteins, because albumin must be used as a standard, and because some fractions have a high content of lipids or carbohydrates.
(2) Because of differences in physical properties and in content of non-protein material, no dye binds at a uniform rate to all proteins. Albumin binds more dye per unit weight of protein than does globulin. Reports of the degree to which this happens vary: for amido black lOB figures of 1.0 to 1.8 for the ratio of albumin/globulin binding capacity have been quoted (Friedman, 1961) . We also compared the dye binding capacity of albumin and IgG to amido black lOB after electrophoresis and precipitation: the results are shown in fig. 2 .
(3) The method by which the dye bound to each fraction is estimated is also important. We applied precise amounts of an electrophoretically .pure albumin to cellulose acetate in varying concentrations, performed electrophoresis, precipitated the protein, and stained it with amido black lOB. The 0.1 5 with a high 0:2 globulin, macroglobulinaemia with a high IgM (12 % carbohydrate), or myelomatosis, especially if the paraprotein is type A (9 % carbohydrate). Errors may be even higher in sera of patients with myeloma if there is severe immune paresis; the loss of normal immunoglobulins results in an increase in the relative amounts of 0: and fJ globulins.
(2) NQ dye binds with a linear relationship to any individual protein fraction. This is not a problem in normal sera since ami do black lOB does bind in a linear fashion to albumin up to a concentration of 60 gIl, if an 0.5 f-LI sample is applied across 1 em of cellulose acetate (Hobbs, 1965) . Albumin is normally the highest fraction with a range of 32-48 gil, but paraproteins may be present in higher concentrations and the binding of dye may be non linear if the concentration exceeds 60 gIl. Our work suggests that the performance of amido black lOB and Ponceau S in linearity of colour bound to different protein concentrations is very similar.
(3) Paraproteinaemia also causes serious errors in albumin estimation by this technique because of the non-linearity of dye binding between different protein fractions. Any error will be accentuated in the presence of an increased amount of any single protein fraction.
(4) The problems of estimating protein fractions by double transmission reflectance as shown in fig. 3 are more marked in the presence of narrow bands, like paraproteins, than with more diffuse zones like those due to an increase in normal, polyclonal, immunoglobulins. (4) Proteins other than albumin (for example, esterases) move at the same rate as albumin during cellulose acetate electrophoresis. A value of 3 g/litre was obtained by electrophoresis of a serum shown to be analbuminaemic by immunological means (Ott, 1957) .
In pathological sera estimation of albumin by electrophoresis is prone to even greater errors.
(1) Concentrations of lipoproteins or glycoproteins with a high content of carbohydrate are not correctly assessed either by biuret estimation of total protein or by dye binding to precipitated proteins after electrophoresis. Although they cause little trouble in normal sera, since their contribution to the total serum protein is small, in abnormal sera serious errors can occur in, for example, nephrosis tionation techniques in normal sera. It is, however, only over the normal range that reasonable agreement is found. Albumin levels in the high normal range have been reported to be under-estimated by the BCG method, but of much greater clinical significance is the overestimation of low albumin levels (Webster, Bignell and Atwood, 1974) . The source of this error is the presence of non-albumin components in the serum which also react with BCG, since Webster et al. (1974) reported that normal sera diluted to produce low albumin levels do not show this discrepancy. We performed a comparative study of albumin values of diluted normal sera between a BCG method and an automated immunochemical technique and confirmed that albumin was not overestimated by the BCG method at low concentrations in this situation ( fig. 4 ). Both 0: and f1 globulins, though not y, will react with BCG (Webster, 1974) and transferrin binds approximately 75% as much BCG as the same concentration of albumin (Baxter, 1974) . The non specificity of BCG binding would cause only a small error in albumin estimations in normal sera, but a larger one in pathological sera with low albumin levels. This would explain the finding by Laurell (1973) that albumin levels in severely hypo albumin-(5) Irregular or •scalloped' paraprotein bands will be underestimated by most electrophoretic scanners, leading to over-estimation of the albumin.
(b) In solution by spectral shift
Albumin concentration can be estimated by colour changes occurring in appropriate dyes when they become bound to the protein.
Dye binding methods, because of the ease with which they may be semi-automated, or fully automated in continuous flow analysis systems, are now widely used. Methyl orange, 2-(4'hydroxyazobenzene) benzoic acid (HABA), and bromocresol green (BCG) are the most commonly used dyes. Manual and automated methods are described for all three. Estimation of albumin has not been completely satisfactory using either methyl orange or HABA whether in normal or pathological samples.
Methyl orange methods give slightly higher results in sera from patients with some types of nephritis than immunoprecipitation methods, but are little affected by large amounts of paraprotein (Keyser, 1968) . The estimation of albumin using HABA has been reported to agree fairly well with sodium sulphite precipitation and electrophoretic techniques (Goodwin, 1964; Keyser, 1968) but an ACB study group showed poor correlation with salt fractionation (Northam and Widdowson, 1967) . Estimations of albumin by HABA are affected by the presence of bilirubin, haemoglobin, excessive lipoproteins, heparin, and salicylates (Arvan and Ritz, 1969) and probably many other drugs in the sample which compete for dye binding sites on the albumin. In addition, blank corrections must be made for turbid or haemolysed specimens. Bartholomew and Delaney (1964) and Rodkey (1964) suggested that the use of BCG might solve many of the problems associated with methyl orange and HABA methods in analyses in pathological sera. They gave three main reasons:
(i) The greater sensitivity allows a dilution of serum of 1:200 compared to 1:30 with HABA, reducing interference by turbidity;
(ii) The blue complex formed with a peak absorption at 637 om reduces interference from bilirubin and haemoglobin; and (iii) The lower pH at which BCG binds to albumin compared to HABA may displace such interfering substances as heparin, salicylate and bromsulphthalein, which bind to albumin at physiological pH (Northam and Widdowson, 1967) .
The automated BCG method of Northam and Widdowson (1967) based on the method of Bartholomew and Delaney (1966) is simple and precise. Both methods correlate well with 28 % sodium sulphite and 27.2 % sodium sulphate frac- the amount of complex formed is measured by light scattered in a nephelometer (Eckman, Robbins, Van den Hamer, Lentz and Scheinberg, 1970; Technicon Clinical Methods, 1972) . The exact form of the reaction is not fully understood.
There are a number of sources of error using any of these methods to estimate albumin in normal sera. The reasons for the poor precision of radial immunodiffusion techniques include uneven distribution of antisera in the gel, variations in gel thickness, and the difficulties of applying very small sample volumes accurately, and of reading the diameters of the precipitin rings. These problems may be minimised by the thorough mixing of antisera with the gel, by the use of levelled glass plates or moulds for plate pouring, and by the use of a reading ruler. Any effects due to differences in gel thickness may be minimised by filling the sample wells level with a fine-tipped pipette rather than adding a known volume (Hobbs, 1970) . This last modification is only successful if specimen wells are cut immediately before use; if the plate is allowed to stand after cutting, the edges of the wells will gradually become rounded, making accurate filling impossible. It is possible, with care and experience, to obtain a reproducibility of ± 3 % within a plate and ± 7 % between plates, as shown in table 1. The method is even more imprecise if technical proficiency is poor. In addition, radial immunodiffusion is a slow technique which does not produce results on the same day.
The technique of electroimmunoassay in agarose allows completion of albumin estimation within 2 hours. The precision of the method was found by LaurelI (1966) to be ± 1.85 % and our within plate variation of estimations on normal sera (table 1) is 70 20 &0 SO 10 "ROCIlETS" " l l I,.
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The immunochemical estimation of serum albumin levels was first performed by Goettsch and Kendall (1935) and later by others including Kunkel and Ward (1950) . These early methods were tedious and involved spinning and drying of precipitates. They were also costly because of the large amount of antisera required. No routine techniques for truly quantitative immunochemical measurement existed, until the introduction of single radial immunodiffusion in agar by Mancini, Vaerman, Carbonara, and Heremans (1964) . The earlier turbimetric method of Schultze and Schwick (1959) was very sensitive but expensive, requiring large amounts of highly specific antisera and pure protein standards.
The most usual techniques in routine use today are radial immunodiffusion (Mancini et al., 1964) as modified by Fahey and McKelvey (1965), electroimmunoassay (rocket electrophoresis, LaureIl, 1966) , and the automated immunoprecipltin (A.LP.) system. This latter technique is based on the work of Kahan and Sundblad (1969) We have, so far, encountered no particular problems using electroimmunoassay to analyse albumin in pathological sera.
In view of the unsuitability of many of the techniques discussed above we have evaluated them by comparing results obtained from both normal and pathological sera.
Albumin estimations in the sera of 14 patients with nephrosis, cirrhosis, and paraproteinaemias using the A.LP. system were compared with those using the radioactive labelled albumin method of Lubran and Moss (1957) . The results of this comparative study are shown in table 2. Because of the good agreement between these two methods and the speed and precision of the A.I.P. system, the latter was used to compare results obtained by all the techniques. similar. The method is relatively inexpensive to set up, requires only limited technical expertise, and, unlike the A.LP. system, does not require antisera of very high affinity. Electroimmunoassay, however, necessitates sample dilution of 1:50-1 :100 to avoid the use of large amounts of antisera. Many autodilutors are imprecise at this level, and the precision of any dilutor to be used for such high dilutions must first be investigated. It is possible to produce albumin results within 30 minutes using the A.LP. system and the precision is comparable with electroimmunoassay, as shown in table I. There are, however, a number of problems associated with this system.
••
(1) A high capital outlay is required for sampler, pump, cartridge, nephelometer, and recorder.
(2) There is a need for personnel with experience in continuous flow analysis systems.
(3) The availability of suitable monospecific, high affinity antiserum is limited.
(4) As with any automated system using small bore tubing, blockages occur frequently.
(5) Drift often occurs during analytical runs and this may be exaggerated if plasma samples are analysed. It is essential therefore to analyse only serum.
Immunochemical techniques are less prone than others to the particular problems of estimating albumin in pathological sera. The large sample dilutions made to avoid the use of excessive amounts of antisera remove any interference by bilirubin, haemoglobin, drugs, and other substances. No correction is necessary for turbid samples in the A.I.P. system. There are, nevertheless, some additional sources of error in using either radial immunodiffusion or the A.LP. system for albumin estimations in pathological sera.
Radial immunodiffusion. Haziness caused by a high level of paraprotein may cause difficulties in reading ring diameters.
A.l.P. system. Samples with very high total protein concentrations, such as those which contain paraproteins, are likely to block this system, either completely or partially, and cause 'drift'.
High sample viscosity due to the presence of a high level of paraprotein may cause errors with the time driven cam sampler. This is a potential problem with any continuous flow system, but A.LP. is particularly affected because of the small bore of the sample probe. We estimated albumin in the sera of a number of patients with paraproteinaemias, some with a normal, and some with a raised viscosity using this system, and compared the results with those obtained by electroimmunoassay. Dilutions for the latter were made using a dilutor which depended on volume aspirated rather than time of Sera were obtained for this comparative study from 12 patients with nephrosis, 14 with cirrhosis, and 20 with paraproteinaemias (all with normal viscosity); albumin levels were estimated by an A.LP. system, electroimmunoassay, a modified radial immunodiffusion technique (Hobbs, 1970) , a BCG method (Northam and Widdowson, 1967) , 39 to BCG in sera with low albumin concentrations (Webster, 1974) . The causes of the discrepancies between estimates by A.I.P. and salt fractionation and electrophoresis have already been discussed.
In summary, the results in table 3 indicate that the correlation of results between the methods chosen is worse in pathological than in normal sera and that serum albumin estimations in pathological sera are preferably made by immunochemical methods rather than by electrophoresis, dye binding, or salt fractionation (unless the technique of Lubran and Moss is used).
CONCLUSIONS
Many methods for the estimation of albumin tSlope not significantly different from 1.0 by dye binding after electrophoresis and precipitation, and by salt fractionation (Gornall et al., 1949) .
The comparative results are shown in table 3. It can be seen that the methods giving the best correlation for all groups of patients when compared with the A.I.P. system are electroirnmunoassay and radial immunodiffusion. Difficulties in reading ring diameters in this latter technique, as already discussed, may explain the poorer correlation with the A.LP. system in the sera containing paraproteins. The poor correlation with the BeG method in cirrhotic and nephrotic sera is probably due to a proportionally increased interference by Or: and f1 globulin binding have been evaluated using normal human sera only, although albumin estimations are of greatest clinical value in such pathological states as nephrosis, other protein-losing conditions, cirrhosis, and paraproteinaemias. Gross errors in methods based on salt-fractionation, electrophoresis, and dye-binding assessments can occur with such sera. The immunochemical techniques seem, at the moment, to be the most satisfactory methods for the estimation of serum albumin in pathological sera, within the limits already discussed. The problems of albumin methodology are still far from being solved, and it would be premature to recommend one particular method before the results of the current IFCC study into albumin methodology are evaluated. It is, however, already clear that current quality control schemes should not derive false impressions by comparing any laboratory's results with an average of the disquieting methodologies in current use. It is necessary first to select the best available method and to use only values produced by this for comparative studies.
Finally, quite apart from the methodological problems which have been discussed, there are also many difficulties associated with the standardisation of albumin estimations, and these are the subject of a further study.
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